Introduction
Development of magnetoresistive random access memory (MRAM) is progressing toward products. In these devices, magnetic thin films are used as a spin valve material. Recently, it is reported that PtMn-based materials are one of the promising candidates as a spin valve. As the density of magnetic memories increases towards Gbit, the magnetic thin films must be patterned at sub-micron widths. To realize the requirement, it is imperative to have highly anisotropic PtMn plasma etching with smooth sidewalls and no redeposition on the sidewalls. However, a serious problem with PtMn materials is that they are inert in conventional Cl 2 plasma etching processes.
To break-through these problems, we have proposed the pulse-time-modulated plasma etching [1] . In this study, for the first time, we found that highly anisotropic PtMn etching could be achieved with smooth feature sidewalls and corrosion-less using negative ions (Cl -) in the pulse-time-modulated (TM) chlorine plasma at the pulse timing of 10μs to 100μs. It is considered that the incident of Cl -could enhance the chemical reaction on the PtMn surface. As a result, highly anisotropic and corrosion-less PtMn etching could be realized.
Experiments
A schematic illustration of an experimental setup in this study is shown in Fig.1 . A Cl 2 plasma chemistry operated under Electron Cyclotron Resonance (ECR) plasma supplying 2.45GHz microwave. The microwave power was modulated at 10μ s to 100 μ s. The peak microwave power was kept at 1kW in both continuous wave (CW; conventional continuous discharge) and TM plasmas. To effectively accelerate negative and positive ions from the plasma to substrate, a 600kHz RF power of 100W was supplied on the substrate stage. The gas flow rate and gas pressure were fixed at 50sccm and 0.27Pa, respectively. During the etching, the substrate temperature was maintained at 30℃.
Results and discussion
We have already reported that TM Cl 2 plasma effectively produced a large number of negative ions (Cl -) through the dissociative attachment of electrons with Cl 2 during the pulse-off time [2] . The Cl -generation drastically increased and saturated within 50μs during the pulse-off period. By increasing the pulse-off time of more than 50μs, the density of negative and positive ions decreased due to the bipolar diffusion to chamber-wall [2] . In the pulsed plasma, by supplying the low-frequency RF bias (less than 1 MHz) on the substrate, the negative and positive ions can be mutually accelerated from the plasma to the substrate during the pulse-off time.
In the pulsed Cl 2 plasma, PtMn and SiO 2 etching rates as a function of pulse-off time were investigated (Fig.2) . The pulse-on time was fixed at 30μs when the pulse-off time was changed from 10 μ s to 100 μ s. In these conditions, the etching rates in the pulsed plasma were compared with that in the CW plasma. The PtMn etching rate drastically increases when the pulse-off time was increased from 10μs to 50μs. At the same conditions, the SiO 2 etching rate is nearly constant. This result suggests that the PtMn etching was enhanced with maintaining the same ion bombardment energy in the pulsed plasma, because the SiO 2 etching was mainly determined by the incident ion energy. That is, the pulsed Cl 2 plasma enhances the chemical reaction during PtMn etching. Conversely, both PtMn and SiO 2 etching rates were slightly decreased at the pulse-off time of 70μs to 100μs. It is considered to be due to decrease in density of negative ion during the pulse-off period.
The etching residue and post-corrosion were observed by using SEM micrographs of the etched surfaces after CW and TM plasma etchings, as shown in Fig.3 . There were etching residues and corrosions in all conditions. However, the sizes and numbers of the residue and corrosion clearly decreased by increasing the pulse-off time in the TM plasma. Then, the residual atomic concentrations on the etched surfaces were analyzed by using energy dispersive X-ray fluorescence spectrometry (EDX), as shown in Fig.4 . In the TM plasmas, the chlorine concentration decreases while the Pt and Mn concentrations increase by enlarging the pulse-off time. This suggests that desorption of the chlorinated etching products could be enhanced during the pulse-off time in TM plasma etching, as compared with the CW plasma etching.
We found that the trends of PtMn etching rates are almost corresponding to the trends of negative ion density in the pulsed plasma. Conversely, the residual chlorine on the surface decreased by increasing an incident time of negative ions during the PtMn etching. Namely, it is speculated that the negative ions can enhance the surface chemical reaction and desorption of the etching products during the pulsed-off time in the pulsed plasma.
To clarify the effect of pulsed plasma, the etched profiles were evaluated with SiO 2 /SiN hard masked. Figures 5(a) , (b) and (c) show the SiO 2 /SiN hard mask profile before etching, the etched profiles using CW Cl 2 plasma and TM Cl 2 plasma (on/off = 30μs/100μs), respectively. 50% over etching was carried out in all conditions. In the CW plasma, the PtMn layer was still remained even at 50% over etching. Additionally, the SiO 2 /SiN hard mask had a tapered sidewall and the pattern space was narrowed. This result shows that the PtMn chemical etching was not occurred and the redeposition of etched products was dominant in the CW plasma. On the other hand, the anisotropic profile, residue-free and corrosion-less etching could be easily achieved with no critical dimension (CD) loss from the hard mask even at the same bias power in the pulsed Cl 2 plasma.
Conclusions
PtMn etching was carried out using the TM plasma. In the TM plasma etching, the etching rate drastically increased, as compared with that in the cw plasma etching. In addition, the etching residues and corrosions on the surface decreased and vertical etched profile could be achieved using the TM plasma. The superior etching characteristics could be accounted by the incident of the negative ions in the pulsed plasma. 
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